The contribution of acidogenic bacteria and methanogenic archaea on the reductive decolourisation of azo dyes was assessed in anaerobic granular sludge. Acidogenic bacteria appeared to play an important role in the decolourising processes when glucose was provided as an electron donor; whereas methanogenic archaea showed a minor role when this substrate was supplemented in excess. In the presence of the methanogenic substrates acetate, methanol, hydrogen and formate, methane production became important only after colour was totally removed from the batch assays. This retardation in methane production may be due to either a toxic effect imposed by the azo dyes or to the competitive behaviour of azo dyes to the methanogenic consortia for the available reducing equivalents.
Introduction
Reductive decolourisation of azo dyes can be readily achieved under anaerobic conditions either chemically or biologically. Chemical decolourisation may involve biogenic reductants, such as sulfide, cysteine or ferrous iron, which are commonly found in anaerobic wastewater treatment systems (Stolz, 2001) . Microbial decolourisation, on the other hand, requires an unspecific enzymatic capacity ubiquitously found in a wide diversity of microorganisms (Brown and DeVito, 1993; Yoo et al., 2000) . This has been demonstrated with intestinal microorganisms such as Clostridium, Salmonella, Bacillus, Eubacterium and Escherichia coli, which are able to reduce dyes ingested through food, drugs and cosmetics (Brown and DeVito, 1993; Rau et al., 2002; Semdé et al., 1998) . Although many different types of microorganisms, with different respiratory profiles, are known to carry out dye reduction, little is recognized about azo dye reduction by anaerobic consortia from wastewater treatment plants. However, the applicability of the cost-effective high-rate anaerobic reactors for azo dye reduction has been well demonstrated (Cervantes et al., 2001; van der Zee et al., 2001a; Dos Santos et al., 2003) .
A large portion of textile wastewaters, mainly from the dyebath and rinsing steps, is discharged at high temperatures (40-70 8C). Thus, thermophilic anaerobic treatment may represent an alternative for dye decolourisation from textile wastewaters. The potential for applying thermophilic anaerobic treatment on reductive decolourisation of dyes has shown promising results with both azo model compounds and industrial textile effluents containing a mixture of dyes (Dos Santos et al., 2003 , 2004a , 2004b , 2005a , 2005b .
In the current investigation the contribution of acidogenic bacteria and methanogenic archaea to azo dye reduction in mesophilic and thermophilic anaerobic consortia was studied. Additionally, the competition for reducing equivalents between methane biosynthesis and azo dye reduction was assessed in the presence of the methanogenic substrates acetate, H 2 /CO 2 , methanol and formate.
Material and methods

Chemicals
Reactive Red 2 (RR2), Reactive Red 4 (RR4) and Reactive Orange 14 (RO14) were selected as azo dye model compounds. Bromoethanesulfonic acid (BESA, 10.5 g L 21 ) and vancomycin (1 g L 21 ) were used as inhibitors.
Seed inoculum and basal medium
Anaerobic granular sludge was collected from a full-scale mesophilic upflow anaerobic sludge blanket (UASB) reactor treating paper mill wastewater (Eerbeek, The Netherlands). The mesophilic sludge was acclimated for 3 months both at 55 8C and 30 8C in expanded granular sludge bed (EGSB) reactors (5.6 L) operating at a hydraulic retention time (HRT) of 6 h and an organic loading rate (OLR) of 2.5 kg chemical oxygen demand (COD) m 23 day 21 . The COD consisted of a mixture of glucose and volatile fatty acids (VFA) at a COD ratio of 1:3. The neutralized VFA solution contained acetate, propionate and butyrate at a COD ratio of 1:1:1. Stable efficiencies in terms of COD removal for the mesophilic and thermophilic reactors during steady-state conditions were 95% and 85%, respectively. The influent stock solution was free of dyes throughout the period.
Decolourisation assays with granular sludge
In the activity tests 1.3^0.1 g volatile suspended solids (VSS) L 21 of the previously described stabilized sludge were added to 57-mL serum bottles with 25-mL basal medium, which is described elsewhere (Dos Santos et al., 2003) , and sealed with butyl rubber stoppers. Anaerobic conditions were established by flushing the headspace with N 2 /CO 2 (70%:30%), after which the sludge was pre-incubated for 2-3 days with glucose (0.45 g COD L 21 ) as co-substrate. Then, the headspace was re-flushed, and the azo dyes (0.3 mM) and different co-substrates (1.5 g COD L 21 ) were added. Decolourisation of azo dyes, consumption of glucose, as well as production of VFA and methane were monitored in time for all incubations. The pH and the amount of VSS were determined at the end of the experiment.
Competition for reducing equivalents between methane biosynthesis and azo dye reduction with granular sludge
To assess the competition for reducing equivalents between methane biosynthesis and azo dye reduction, the methanogenic substrates acetate, methanol, H 2 /CO 2 and formate were tested (1.5 g COD L 21 ) at 55 8C. BESA (10.5 g L 21 ) was also added to some of the bottles to assess the involvement of methanogens in dye reduction. When H 2 /CO 2 (80%:20%) was tested as electron donor, 117-mL bottles with 50-mL basal medium and a headspace of 1.8 bars were used. In that case, the shaker rotation was increased from 50 to 200 rpm to improve the mass transfer of hydrogen to the liquid phase. The depletion of hydrogen and methane formation was followed in time. Abiotic azo dye reduction was evaluated in sludge-free controls, and endogenous (substrate-free) controls assessed the role of biological activity in dye reduction.
Analysis
Colour removal was determined photometrically (Spectronics 60, Milton-Roy Analytical Products Division, Belgium) according to Dos Santos et al. (2004b) , reading the absorbance at the maximum absorbance wavelength, i.e. RR2 at 539 nm, RR4 at 521 nm and RO14 at 433 nm. The extinction coefficients used (AU cm 21 mM 21 ) were 33.3, 24.0 and 11.6 for RR2, RR4 and RO14, respectively. Methane, glucose, lactate, formate, VFA, methanol and ethanol determinations were previously described (Cervantes et al., 2000; Dos Santos et al., 2003) .
Results and discussion
Contribution of acidogens and methanogens for azo dye reduction in mesophilic and thermophilic anaerobic granular sludge
The first-order rate constant "k 1 " for decolourisation of RR2, RR4 and RO14 by both mesophilic and thermophilic consortia is shown in Table 1 . First-order kinetics was considered since the coefficient of determination (R 2 ) was .0.95 in all cases. Furthermore, our results are in agreement with previous studies showing first-order (or pseudo firstorder) kinetics for the reduction of several azo dyes under similar conditions (van der Zee et al., 2001b) . The data summarized in Table 1 show different rates of decolourisation by the thermophilic inoculum among the distinct dyes tested. RR4 was decolourised at the highest rate, whereas RO14 and RR2 showed similar decolourisation rates under thermophilic conditions. The methanogenic inhibitor, BESA, showed hardly any effect in the rate of decolourisation, as evidenced by the negligible difference observed between the k 1 values obtained in the presence and in the absence of this inhibitor. Acetate, propionate, butyrate and ethanol were the main fermentation products in the presence of BESA, while negligible methane production occurred. On the other hand, when vancomycin was included in the bioassays, a drastic decrease in the rate of decolourisation was observed for all dyes tested. For instance, for RR2 the k 1 value in the presence of vancomycin was 3.1-fold lower than the estimated k 1 -value in the non-inhibited control. There was, in vancomycin-inhibited incubations, a negligible formation of glucose fermentation products such as VFA and alcohols. This, combined with undetectable methane production, indicated a lack of microbial activity. The results also verify the important contribution of glucose fermenting bacteria, likely inhibited by vancomycin but not by BESA, on decolourisation processes.
The ability of fermentative bacteria to decolourise azo dyes was previously investigated with the organism Desulfovibrio desulfuricans and pyruvate as electron donor (Yoo et al., 2000) . They observed that under sulphate-rich conditions, pyruvate was oxidized leading to the formation of sulphide, after which the dye Reactive Orange 96 (RO96) was chemically decolourised by sulphide. Under sulphate-depleted conditions, the decolourisation of RO96 was probably due to reduced co-factors that are produced via pyruvate fermentation. In contrast, Van der Zee et al. (2003) found in continuous flow reactors at 30 8C with VFA as electron donor, no difference between sulphate-free and sulphatesupplemented reactors, suggesting that the biogenic sulphide, produced via sulphate reduction, was not significantly contributing to the decolourisation of the dye RR2. Decolourisation of RO14 was also assessed under mesophilic conditions and the results indicate the same effect of BESA and vancomycin compared to the other dyes investigated ( Table 1) . The experimental data also evidenced up to 7.1-fold lower k 1 values for the mesophilic incubations compared to those obtained under thermophilic conditions. Therefore, the application of thermophilic anaerobic wastewater treatment systems may represent an attractive alternative for the reductive decolourisation of azo dyes commonly found in textile effluents. Indeed, accelerating the decolourisation rates, by increasing the temperature of operation, would allow a more compact bioreactor running at low HRT.
Competition for reducing equivalents between methane biosynthesis and azo dye reduction
Tables 2 and 3 present the results of batch assays testing azo dye reduction rates at 55 8C in the presence of the methanogenic substrates acetate, H 2 /CO 2 , methanol and formate. Among the substrates provided, hydrogen and formate yielded the highest dye reduction rates, whereas acetate and methanol were poor electron donors to sustain dye reduction. The results agree with previous studies in which methanol and acetate were reported as poor electron donors for reductive biotransformations of azo dyes and carbon tetrachloride, whereas hydrogen was an effective electron donor (Dos Santos et al., 2003; Cervantes et al., 2004) . Nevertheless, in the latter investigations, the application of redox mediators, i.e. compounds that catalyse reductive biotransformations, permitted the poor electron donors acetate and methanol to become effective in the same processes.
The methanogenic inhibitor, BESA, showed hardly any negative effect on the decolourisation of azo dyes in the presence of the methanogenic substrates acetate and methanol (Tables 2 and 3 ). These findings suggest that acetoclastic and methylotrophic methanogens could have employed a mechanism for the generation of reducing equivalents to cleave the azo bound, in which Coenzyme-M (blocked by BESA) is not required. The contribution of methylotrophic methanogens is further emphasized by the decolourisation achieved by the consortium even in the presence of vancomycin (Table 3) . However, the decolourisation rates of the vancomycin-supplemented bottles were 1.4-fold lower compared to the non-inhibited control.
The competition for reducing equivalents between methanogenesis and azo dye reduction was reflected on a delay on methanogenic activities for most incubations tested. Indeed, important methane production became feasible only after the azo dye was almost totally reduced from most incubations (data not shown), which may be due to azo dye reduction out-competing methanogenesis for the reducing equivalents available. Another explanation for the retardation in the methanogenic activity observed may be due to toxicity aspects. Several azo dyes have been reported to impose a toxic effect on methanogenic consortia (Donlon et al., 1995; Fontenot et al., 2002; Sponza and Işik, 2004) . Thus, toxicity may allow azo dye reduction to out-compete methanogenesis.
On the other hand, there was a slight to moderate improvement on the decolourisation rate achieved in BESA-inhibited cultures, compared to the non-inhibited control, when hydrogen and formate were provided as electron donors. Namely, addition of BESA stimulated azo dye reduction when these electron donors were supplemented, perhaps by preventing hydrogen-and formate-consuming methanogens to out-compete for the reducing equivalents available. Furthermore, experiments conducted with pure cultures of methanogenic microorganisms (e.g. Methanothermobacter thermoautotrophicus DH) revealed that decolourisation could only be achieved when riboflavin was included as a redox mediator (data not shown). The mediating activity of riboflavin was even efficient in BESA-inhibited cultures conducted with methanogenic microorganisms (data not shown), suggesting that this electron shuttle allows decolourisation of azo dyes in which Coenzyme-M is not involved.
Conclusions
The contribution of acidogenic bacteria present in anaerobic granular sludge on the reductive decolourisation of azo dyes was very apparent, whereas the contribution of the methanogenic archaea remained at a minor level when glucose was provided in excess as an electron donor.
Thermophilic azo dye reduction rates were up to 7.1-fold higher compared to mesophilic incubations. Thus thermophilic anaerobic wastewater treatment systems represent an attractive alternative for treating textile effluents.
The BESA-inhibited incubations suggest that the formation of Methyl Co-M (BESA inhibited) is not required for the reductive decolourisation of azo dyes. Table 3 Reduction of the azo dye Reactive Red 2 (RR2, 0.3 mM) by anaerobic granular sludge at 55 8C in the presence of the methanogenic substrate methanol BESA (10.5 g L 21 )
Vancomycin (1.0 g L 21 ) k 1 /VSS (day 21 g VSS 21 L) a 2 2 0.69^0.02
The k-value was calculated assuming a first-order reaction b
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